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P 21QPI OR p27 KD>l EFFECTS ON THE REGULATION OF DIFFERENTIATION OF HUMAN MESENCHYMAL STEM 
CELLS 

Background of the Invention 

The osteogenic potential of bone marrow stromal cells has been demonstrated by various 
studies involving transplantation and culture systems in vitro. In particular, human 
mesenchymal stem cells are capable of differentiation into osteoblasts in vivo. Potential 
modulators of mesenchymal cellular differentiation have been identified. In particular, the 
synthetic glucocorticoid dexamethasone induces the expression of osteoblastic phenotypic 
markers in both immature osteoblasts and less committed mesenchymal progenitor cells 
(Maniatopoulos et a/., 1988; Kasugui et al. y 1991, Satumura, K. et al. y 1991; Haynesworth et 
a/., 1992). Currently, little is known about the molecular events which lead to the 
differentiation of mesenchymal cells into the osteoblastic lineage. 

Growth factors of the transforming growth fector-p (TGF-p) superfamily have a wide 
range of activities in normal growth and development and have been strongly implicated in 
skeletal differentiation. Among this superfamily, the subfamily of bone morphogenic proteins 
(BMPs) plays an important role in bone formation. Several BMPs are thought to regulate the 
early commitment of mesenchymal cells to osteogenic and chondrogenic lineages due to the fact 
that BMPs are capable of inducing ectopic bone formation when injected into nonskeletal sites 
such as muscle (Urist, 1965; Wozney, 1992; Kingsley, 1994). Bone formation proceeds 
through a series of endochondral events which is initiated by the chemotaxis of mesenchymal 
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cells into the implantation site (Sampath and Reddi, 1981). The cells proliferate and 
differentiate into chondrocytes which are subsequently replaced by the deposition of bone. 
Thus, the BMP family of proteins perform important biochemical functions in a complex 
developmental process. 

Since BMPs are secreted proteins, the characterization of their receptors and signal 
transduction pathways in marrow stromal cells is an important step toward understanding the 
role of these proteins in normal development Recently, a family of receptors which bind 
BMPs has been identified in various species and shown to have conserved Ser/Thr kinase 
intracellular signaling domains. This family of receptor proteins can be further subdivided into 
either a type I or type II receptor based upon the degree of amino acid sequence similarity in die 
Ser/Thr kinase domain and extracellular cysteine residues. In particular, a serine/threonine 
kinase receptor from Caenorhabditis elegans, DAF 4, is a type II BMP receptor (Estevez et al., 
1993). DAF 4 is capable of binding both BMP 2 and BMP 4 (Estevez, 1993). In Drosopfdla 
melanogaster, saxophone (sax), thick veins (tkv) and punt have been cloned and shown to 
encode type I (sax and tkv) and a type II (punt) member of the TGFp family of receptors 
(Letsou et al., 1995; Affolet et al., 1994; Brummel et al., 1994; Xie et al., 1994). It is 
believed that these proteins are functional receptors for dpp, a BMP 2 homolog in Drvsophila, 
as inactivation of either receptor is similar to a dpp null phenotype. Upon transient expression 
in Cos cells, tkv can bind dpp and punt can bind BMP 2 in the presence of either sax or tkv 
(Brummel et al, 1994; Nellen et al., 1994; Okano et al., 1994). Recendy, both a mouse 
(TFR-II) and a human (ALK 3) homolog of DAF 4 have been cloned by reverse transcription 
based polymerase chain reaction (RT-PCR) with degenerate oligonucleotides (ten Dijke et al., 
1993; Suzuki et al., 1994; Koenig et al., 1994). When expressed in Cos cells, the ALK 3 
receptor is capable of binding both BMP 4 and BMP 7 but not activin or TGFp (ten Dijke et 
al., 1994). In addition, the TFR-II gene when expressed in Cos cells is capable of binding berth 
BMP 2 and BMP 4 but not TGF p or activin (Suzuki et al., 1994). As a result, the ALK 3 and 
TFR-II receptors are postulated to be receptors for the BMP 2/4 ligands. 

The p21 CIP1 gene was first cloned and characterized as an important effector of p53 
mediated cell cycle arrest (EI-Diery, 1993; Xiong et al., 1993; Harper et al, 1993). The plf™ 
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protein is capable of binding and inactivating Cdk-Cyclin complexes which exist in mammalian 
cells. Subsequently, the p21 api protein was found to be upregulated during the differentiation 
of a number of mammalian cells both in vitro and in vivo (Jiang et al. 9 1994; Steinman et al., 
1994; Halevy et al. 1995; Maccleod et a/ M 1995; Parker et aL 9 1995). In addition, the p21 api 
has been shown to be induced by TGF p ligand and thus has been implicated as an effector of 
the TGF p signaling pathway. (Datto et al. y 1995). It has been suggested that the p^ 1 protein 
is a principal mediator of die antiproliferative actions of a variety of differentiation signals and 
DNA checkpoint controls. 

Several groups have demonstrated that p21 api expression is upregulated during the in 
vitro differentiation of a variety of cell types (Jiang et al. 9 1994; Steinman et al. 9 1994; Halevy 
et al y . 1995; Maccleod et al., 1995). A variety of inducing agents, which include TPA, sodium 
butyrate, DMSO, and retinoids, have been shown to upregulate p21 CIP1 expression in various 
cells. 

Summary of the Invention 

The present invention provides a method for distinguishing undifferentiated human 
mesenchymal stem cells (hMSCs) from partially or completely differentiated human 
mesenchymal cells. In accordance with the invention it has been discovered that the expression 
of p21 Cyclin Inhibitor Protein (pll™* 1 ) is upregulated in partially or completely differentiated 
human mesenchymal cells as compared to undifferentiated hMSCs. Thus, this provides a 
quality control matter and test or assay to confirm that hMSCs are truly undifferentiated. 

In <me embodiment the mesenchymal cells are transfected with a construct comprising 
the DNA coding region for a detectable marker protein, such as firefly luciferase, under die 
control of a p21 aw promoter. The p21 api promoter is activated to a greater extent in partially 
or completely differentiated human mesenchymal cells as compared to undifferentiated hMSCs, 
resulting in higher levels of marker expression. The level of marker expression is then 
observed. This aspect of the invention makes available an assay using hMSCs to evaluate the 
lineage induction potential of a variety of ligands. 
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In another embodiment the level of constitutive p21 api protein that is being expressed by 
contacting the mesenchymal cells with anti^l 00 * 1 protein antibody, monoclonal, polyclonal 
tfc, which antibody is directly or indirectly labeled and observing the amount of binding to 
p21 api protein that has occurred. 

In another aspect, the recognition by the inventors that the p21 api gene is either not 
expressed in clearly undifferentiated hMSCs or is significandy upregulated in partially or 
completely differentiated human mesenchymal cells by mesenchymal lineage inducers provides 
a screening method for identifying previously unknown mesenchymal lineage inducers. 

In another aspect, the invention provides an assay to determine the competence of 
mesenchymal progenitor cells to differentiate, particularly for in vivo tissue repair and 
particularly with respect to the osteogenic lineage. The inventors have made this possible by 
their observation that, in cells at approximately 80% confluence in in vitro culture, p27 Kinase 
Inhibitor Protein (pH* 1 * 1 ) expression levels are upregulated in differentiation competent 
mesenchymal stem cells as compared to differentiation incompetent mesenchymal stem cells. 

In another aspect, the invention provides pharmaceuticals and methods for producing 
pharmaceuticals which induce or inhibit p21 C3P1 or ALK 3. Compounds which induce elevated 
levels of p21 cn>1 in cell systems where its level is reduced can be recognized as antineoplastic 
agents. In yet another aspect, the invention provides for agents which block ALK 3 receptor 
binding. 

In yet another aspect, the invention provides for a rapid molecular in vitro assay to 
verily the quality control that hMSCs are indeed undifferentiated after isolation purification 
and/or culture expansion so that they may be shipped in commerce with regulatory (e.g., FDA) 
clearance. In yet another aspect, the invention provides use of hMSC in vivo implants having a 
minimum amount of cell concentration of at least 3,000 adherent cells per square centimeter in 
the presence of added or locally administered in vivo osteogenic induction agents such as 
glucocorticoids. 
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Brief Description of the Drawings 
Figure 1A-1B. Northern blot analysis of ALK 3 and the p21 api expression upon 
dexamethasone treatment. In both Figures 1A and IB the minus(-) sign indicated the absence of 
osteogenic supplement (dexamethasone) while the plus(+) sign indicates die presence of 
osteogenic supplement (dexamethasone) in the media. 

Figure 1A: Human MSCs were cultured in either control media or media supplemented with 
10r 7 M dexamethasone for 48 hours. Total cellular RNA was extracted and 20 ng of RNA from 
either control cells or dexamethasone treated cells was subjected to electrophoresis through a 
formaldehyde gel, transferred to nylon membrane and then hybridized with radiolabelled probes 
for ALK 3 as indicated. 

Figure IB: Human MSCs were cultured in either control media or media supplemented with 
10" 7 M dexamethasone for 48 hours. Total cellular RNA was extracted and 20 jig of RNA from 
either control cells or dexamethasone treated cells was subjected to electrophoresis through a 
formaldehyde gel, transferred to nylon membrane and then hybridized with radiolabeled probes 
for p21 api as indicated. 

Figures 2A-2C. Immunohistochemical staining of human embryonic sections. 
F^ure 2A: A human embryonic section of a 76 day humerus was stained with a normal mouse 
IgG antibody. 

Figure 2B: A human embryonic section of a 76 day humerus was stained with a monoclonal 
antibody against p21 api . 

Figure 2C: A human embryonic section of a 76 day humerus was stained with a monoclonal 
antibody against ALK 3. 

Figures 3A-3B: BMP receptor activation of human MSC differentiation. 
Figure 3A: Human MSCs were transfected with the p21 OT1 luciferase construct alone or 
together with the PCINeo control plasmid, PCINeo - ALK 3, PCINeo-ALK 3 plus the 
BMP-Type II receptor, PCINeo-ALK 3 DN plus the BMP Type II receptor construct or the 
BMP-Type II receptor, as indicated. Human MSCs expressing the luciferase gene from the 
p21 api promoter were grown in DMEM/10% FBS for 2 days and then were lysed with a cell 
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culture lysis buffer (Promega). Luciferase activity in cell Iysates was determined using a 
luciferase assay system (Promega) in conjunction with a Beckman liquid scintillation counter. 
Figure 3B: A schematic representation of the 2.4 fcb p21 promoter fragment fused to the 
luciferase reporter construct (WW-Luc), generously provided by Dr. Bert Vogelstein of Johns 
Hopkins University, is shown to indicate that the construct used in these studies contains a p53 
binding she. 

Figure 4: Protein levels of p21 CIP1 in hMSCs and WI 38 cells. 100 pg of soluble 
protein were loaded per lane and Iysates resolved on a 15% SDS-PAGE. Proteins were 
transferred to a PVDF membrane for Western blot analysis. The blot was probed with an 
antibody directed against the p21 CIP1 protein (Pharmingen) and visualized by die ECL system 
(Amersham) according to the manufacturer's instructions. 

Figure 5: Human MSCs were transfected with GS-ALK 3 PCINeo or control EGFP 
PCINeo constructs in conjunction with p21-Luc and then cultured in DMEM/10% FBS for the 
period of times indicated. Firefly luciferase activity induced from the p21 cn>1 promoter was 
measured using a Dual-Luciferase Reporter System (Promega). 

Figures 6A-6B: Human MSCs were transfected with GS-ALK 3 PCINeo or control 
EGFP PCINeo constructs and then cultured in DMEM/10% FBS for the period of time 
indicated. Cells were harvested and alkaline phosphatase levels were quantitated by standard 
protocol. 

Figure 6A: The results shown here are from MSCs that were not treated with 
dexamethasone. 

Figure 6B: The results shown here are from MSCs that were treated with 
dexamethasone. 

Figure 7: Protein levels of cell cycle regulatory proteins in hMSCs during culture. 
hMSCs were cultured under standard conditions for up to 8 days. Samples were harvested at 
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the indicated times and pelleted by centrifiigation. Total protein was determined by Bradford 
analysis. Equivalent amounts of protein were resolved on a 12% SDS-PAGE, then transferred 
to a PVDF membrane for Western Blot analysis. The blot was probed with antibodies directed 
against the various cell cycle proteins as described and analyzed in conjunction with the ECL 
system (Amersham) according to the manufacturer's instructions. 

Rgure8: Human MSCs were transferred with GS-ALK 3 PCINeo or control EGFP 
PCINeo constructs and then allowed to adhere to a culture dish upon overnight incubation. The 
cells were then trypsinized and plated at different densities corresponding to either a low 
(3000 cells cm 2 ), a medium (9000 cells cm 2 ) or a high (27,000 cells cm 2 ) cell density. The cells 
were cultured in DMEM/10% FBS for 9 days, harvested and alkaline phosphatase levels were 
quantitated by standard protocol. The level of alkaline phosphatase activity in the graph is 
presented as the fold increase in alkaline phosphatase activity in GS-ALK 3 transfected MSCs as 
compared to MSCs transfected with the control construct 
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Example 1 

Human Mesenchymal Stem Cell Differentiation Screeninfl 
Materials and Methods 

Human MSCs were cultured in either control or osteogenic supplemented medium for 2 
days. Cells were grown in Dulbecco's modified Eagle Medium (DMEM) supplemented with 
fetal bovine serum in a 37°C incubator with 5% CQj. Osteogenic differentiation of the human 
MSCs was induced by supplementing die DMEM with (10~ 7 M) dexamethasone, lOmM 
P-glycerol phosphate and 50 ng/ml ascorbate. Total cellular RNA was isolated with guanidium 
isothiocyanate, phenol extraction and ethanol precipitation. Northern blot analysis was 
performed using 20 jig of total cellular RNA. Hie RNA was electrophoresed in a formaldehyde 
gel then transferred to a nylon membrane. Hie membrane was probed with random primed 
DNA probes that had been radiolabeled with [ 32 P dATP], 

Human MSC X ZAP cDNA libraries were constructed from RNA that had been isolated 
from either untreated human MSCs or MSCs that had been exposed to osteogenic supplemented 
medium for 48 hours. 

The cDNA libraries were screened by degenerate PCR based methods to identify 
members of the Activin Like Kinase (ALK) receptors in human MSC populations. Polymerase 
chain reactions (PCR) were performed for 35 cycles consisting of 94°C for 1 minute, 54°C for 
1 minute and 72°C for 3 minutes using degenerate primers that corresponded to structurally 
conserved subdomains VIII and XI in this protein family. Human MSC cDNA as a template 
and 5' GATCGAATTCG(ACGT)TA(C^ 3' and 5' 

ATGGATCC(GA)T(CI)(ACGTOTG(AG)T(CA)CCA(AG)C 3'oligonucleotide 
primers were used in the reaction. PCR products were cloned into Bluescript (KS) plasmids 
(Stratagene) and sequenced using Sequenase (U.S. Biochemical). 
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Transient transfections of human MSCs were performed by standard electroporation 
methods. Briefly, human MSCs were grown in monolayer culture in 10% FBS/DMEM media 
until 80% confluent, harvested by trypsinization and then resuspended in medium consisting of 
10% FBS/DMEM high glucose, 20 mM HEPES at a concentration of 2.5 x lOVml . The cells 
were preincubated in this medium for 30 minutes. Electroporation was performed by mixing 
250 *il of the cell suspension with 20 |ig of plasmid DNA, 40 ng of salmon sperm DNA as 
carrier and subjecting die 0.4 cm cuvette to 200 V constant voltage. Transfected human MSCs 
were grown in DMEM/10%FBS for 3 days and then were lysed in cell culture lysis buffer 
(Promega). Luciferase activity in cell lysates was determined using a luciferase assay system 
(Promega) in conjunction with a Beckman liquid scintillation counter. 

Immunohistological analysis of human embryonic sections was performed using a 
monoclonal antibody generated against die human p21 api protein (Pharmingen) and a polyclonal 
antibody that was generated against the ALK 3 receptor. Briefly, the tissue sections were 
treated with pepsin (0.5 mg/ml) for 30 minutes at room temperature and then blocked with a 
goat polyclonal antiserum for 1 hour. Primary antibody was diluted in TBS/1 %BSA and 
incubated with the tissue section for 1 hour. Tissue sections were washed in TBS and then 
probed with a biotin conjugated secondary antibody for 1 hour at room temperature. Tissue 
specific expression of the proteins was visualized by the addition of streptavidin-peroxidase and 
diaminobenzadine. 

Results 

In order to identify members of the TGF0 family of serine/threonine kinase receptors, 
we employed a polymerase chain reaction as described above. A PCR reaction was run on 
cDNA which had been isolated from cells that had been grown in osteogenic supplemented 
media using degenerate primers. This amplified a predicted 300 bp fragment (cDNA from 
untreated cells gave no PCR product). The PCR product was subcloned and then subjected to 
sequence analysis. The sequence analysis revealed that the PCR fragment corresponded to a 
partial cDNA encoding the ALK 3 receptor. In each case, the PCR reactions foiled to amplify 
an ALK 3 fragment using cDNA derived from untreated human MSCs as a template. These 
results suggest that the ALK 3 receptor is present in human MSCs that had received osteogenic 
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We investigated the expression of the ALK 3 receptor in the human MSC populations. 
For this purpose, approximately 1 x 10 6 plaques from each of an undifferentiated and a 
dexamethasone induced human MSC cDNA library were plated on NZYM plates, transferred to 
nitrocellulose membranes and then subjected to a low stringency hybridization analysis using the 
ALK 3 PCR fragment as a probe. Through this low stringency screening approach, we 
identified 5 positive clones from OS treated human MSCS. No ALK 3 positive clones were 
detected by low stringency screening of the CDNA library that corresponded to undifferentiated 
human MSCs. The results from such a hybridization analysis suggest that the ALK 3 gene is 
likely not expressed in undifferentiated human MSCs or its expression is dramatically 
upregulated upon dexamethasone treatment 

Example 2 
Northern Analysis of p21 mRNA 
In order to further confirm this observation, the expression pattern of the ALK 3 
receptor mRNA transcript in human MSCs undergoing in vitro osteogenic differentiation was 
examined by direct Northern analysis. Northern blot analysis was performed on total cellular 
RNA that had been extracted from human mesenchymal stem cells that received either no 
osteogenic supplement or osteogenic supplement (dexamethasone) for 48 hours (Figures 1 A and 
IB). Total RNA was subjected to electrophoresis on a 1% agarose/formaldehyde gel, 
transferred to a nylon membrane and was then probed with a fragment corresponding to the 
ALK 3 cDNA (Figure 1A) or the p21 CIP1 cDNA (Figure IB). The results indicate that the 
message for the ALK 3 receptor was detectable in RNA that had been extracted from MSCs that 
had received osteogenic supplement. In addition, the results indicate that the p21 api transcript is 
present in both undifferentiated MSCs and MSCs that had received osteogenic supplement Die 
results also indicate that the p21 a " and the ALK 3 transcripts are increased in RNA that was 
isolated from MSCs that were exposed to dexamethasone (Figure 1A and Figure IB). 



10 



wuttftKXuz PCT/US98/02137 

Example 3 

Expression Patte rns of D21 qpi and AIJC 3 PrntPmc 

We next investigated the expression patterns of the ALK 3 protein and p21 OT1 protein in 
human MSCs undergoing osteogenic differentiation in vivo. For this purpose, tissue from 76 
day human embryonic sections was obtained and probed with control antibodies (Figure 2A) 
and antibodies generated against die p21 api and ALK 3 proteins (Figures 2B and 2Q. 
Histologic sections from a 76 day embryonic humerus were probed with either a control 
antibody or a monoclonal antibody generated against the p21 cm protein (Pharmingen). The 
results demonstrate that the p21 api protein was clearly expressed in the more differentiated 
region of the developing periosteum (Figure 2B). In addition, the p21 cn>1 protein was expressed 
in fully developed osteocytes that had been encased in an osteoid matrix (Figure 2B). The less 
differentiated region of the periosteum where undifferentiated MSCs are detected, no p21 CD>1 
protein was detected (Figure 2B). Figure 2B also shows undifferentiated periosteum ami 
hypertrophic cartilage. 

The results demonstrate that both die p21 api protein and the ALK 3 receptor are 
expressed in the developing periosteum. To determine if a functional relationship existed 
between p21 CIPI and ALK 3 expression in human MSCs undergoing osteogenic differentiation, 
we explored an in vitro transcription assay. For this purpose, we constructed an expression 
vector which expressed either the full length (pCINeo-ALK 3) or a signaling defective form 
(pCINeo-ALK 3 DN) of the human ALK 3 receptor cDNA in human MSCs under the control 
of the cytomegalovirus (CMV) promoter. A series of transient transfections were performed 
with human MSCs with a plasmid containing the p2I api promoter fused in front of a luciferase 
reporter gene. 

When either the vector, the ALK 3 or the BMP type II receptor alone was transfected 
into human MSCs, background luciferase levels were obtained (Figure 3). Upon transient 
transfection of the ALK 3 receptor in conjunction with the type II BMP receptor in human 
MSCs, a significant increase in luciferase activity was observed (Figure 3A). In contrast, 
transient transfection of the signaling defective form of the receptor together with the type n 
BMP receptor reduced the luciferase activity to background levels (Figure 3A). These results 
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demonstrate that a functional relationship between ALK 3 expression and p21 api expression 
exists in human MSCs. In addition, the luciferase assays indicate that undifferentiated MSCs do 
not express functional (or functional amounts of) type I and type II receptors as ectopic 
expression of either BMP receptor alone does not induce p21 apl expression. In contrast, ectopic 
expression of a BMP type I together with a BMP type II receptor induces a luciferase response 
through the p21 api promoter in human MSCs. 

Figure 3A shows BMP receptor activation of human MSC differentiation. Human 
MSCs were transfected with the p2I api luciferase construct alone or together with the PCINeo 
control plasmid, PCINeo - ALK 3, PCINeo-ALK 3 plus the BMP type II receptor, PCINeo- 
ALK 3 DN plus die BMP type II receptor construct or the BMP type II receptor as indicated. 
Human MSCs expressing the luciferase gene from the p21 api promoter were grown in DMEM/ 
10% FBS for 2 days and then were lysed with a cell culture lysis buffer (Promega). Luciferase 
activity in cell lysates was determined using a luciferase assay system (Promega) in conjunction 
with a Beckman liquid scintillation counter. 

Figure 3B shows a schematic representation of the 2.4 kb p21 cn>1 promoter fragment 
fused to the luciferase reporter construct The construct used in these studies contains a p53 
binding she as indicated. 

Example 4 

Human MSCs have Reduced Levels of 021 qp| Protein Compared to a 
Human WI 38 Fibroblast Cell Ilm» 

We have performed a preliminary Western blot analysis of p21 api protein levels in 
human MSCs and human WI 38 fibroblasts. Total cell lysates were prepared from culture 
expanded human MSCs and protein concentration was determined by standard Bradford 
analysis. 100 \xg of soluble protein from the human MSC ami WI 38 cell lysates were resolved 
on SDS PAGE, then transferred to a PVDF membrane for Western blot analysis. The 
membranes were probed with a monoclonal antibody (Pharmingen) that is directed against the 
p21 CIP1 protein. The results indicate that the p21 CIPI protein is clearly detectable in 100 ng of 
cellular lysate prepared from a WI 38 fibroblast. The p21 api protein is substantially reduced in 



12 



wuyzitfxizz PCTYUS98/02137 

100 ng of cellular lysate from human MSCs when compared to the level in a human WI 38 cell 
line. 

We quantitated the intensity of the p21 CIP1 hands by densitometry analysis and found 
that the WI 38 fibroblast had an approximately 4 fold increase in p21 aP1 protein levels 
compared to human MSCs. 

A large body of evidence indicates that an increase in p21 apl protein levels is a marker 
of cellular differentiation in vivo. This data when taken together suggests that human MSCs 
may have substantially lower levels of the p21 cn>1 protein than a differentiated mesenchymal 
cell. 



Examples 

hMSCs Respond to BMP Receptor Signaling 

We investigated the ability of the GS-ALK 3 to stimulate p21 api promoter activity. 
Human MSCs were transfected with die GS-ALK 3 or vector control in conjunction with a 
p21 cn>1 -luciferase promoter construct (WW-Luc) and then cultured in DMEM/10% FBS for a 
period of 7 days. At this timepoint, the cells were harvested and assayed for luciferase activity 
as a marker of cellular differentiation. The results demonstrate that the undifferentiated MSC is 
capable of responding to BMP receptor signaling by stimulating p21 api promoter activity. See 
Figure 5. 

Example 6 

Human MSCs are Responsive to BMP Receptor Sifl nalinp; hi tln> 
Absence of Osteogenic Supplemented Media. 

Recent results suggest that the undifferentiated MSCs are capable of responding to BMP 
receptor signaling. The ALK 3 type la BMP receptor was cloned and then was used as a 
reagent to investigate the effects of BMP/BMP receptor signaling on human MSCs. Due to the 
unavailability of a BMP ligand, we mutated the ALK 3 receptor by site directed mutagenesis 
and rendered it constitutively active (GS-ALK 3). As a consequence of this mutation, the GS- 
ALK 3 construct has been shown to transduce an intracellular signal in the absence of binding 
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BMP ligand in other mammalian cells. Human MSCs were transfected with the GS ALK 3 or 
control constructs and then cultured in either DMEM/10% FBS or osteogenic supplemented 
media for a period of 12 days. At various time points, namely 4, 8 and 12 days, the cells were 
harvested and assayed for alkaline phosphatase activity as a marker of osteogenic differentiation. 

The results presented here demonstrate that die undifferentiated human MSCs after 4 
days of logarithmic growth in cell culture are initially unresponsive to BMP receptor signaling 
as indicated by a failure to upregulate alkaline phosphatase levels at day 4 of culture. The 
MSCs however are capable of responding to BMP receptor signaling after 8 and 12 days of 
culture by stimulating alkaline phosphatase levels. The GS-ALK 3 receptor kinase is capable of 
upregulating alkaline phosphatase levels in cells grown in the absence or presence of osteogenic 
supplemented media. See Figures 6A and 6B. 

We attempted to investigate the nature of this BMP receptor responsiveness in MSCs 
through examination of the cell cycle machinery in MSCs. We cultured cells in DMEM/10% 
FBS and isolated cells at different time points in the process as indicated. Cell lysates were 
made from the cells and the proteins were resolved by SDS-PAGE and then transferred to 
nitrocellulose membrane. The membrane was probed with antibodies directed against various 
cell cycle proteins. A Western blot analysis of die cell cycle machinery demonstrated that the 
p27 levels increase in response to logarithmic growth in culture. See Figure 7. Thus, there is a 
correlation between an increase in p27 levels and die ability of human MSCs to respond to BMP 
receptors as indicated by an upregulation of alkaline phosphatase levels. 

We also investigated the nature of this BMP receptor responsiveness by culturing MSCs 
at different densities. Human MSCs were transfected with either the GS-ALK 3 or a control 
construct and then cultured in DMEM/10% FBS at different cell densities corresponding to 
either a low, a medium or a high cell density. After 10 days in culture the cells were harvested 
and assayed for alkaline phosphatase activity as a marker of osteogenic differentiation. The 
results indicate that the GS-ALK 3 transfected MSCs when cultured at a high cell density are 
capable so stimulating phosphatase activity 16 fold over MSCs receiving a control construct In 
contrast, the MSCs transfected with the GS-ALK 3 construct and cultured at a low cell density, 
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stimulated alkaline phosphatase activity only 2 fold over MSCs receiving a control construct 
The results indicate that cellular density is an important criterion that controls the ability of 
undifferentiated MSCs to respond to BMP receptor signaling. 

Discussion 

This study demonstrates that undifferentiated MSCs do not express functional (or 
functional amounts of) type I and type II BMP receptors. In addition, the results demonstrate 
that human MSCs transcriptionally upregulate a type I BMP receptor, ALK 3 in response to 
dexamethasone treatment Furthermore, the transcriptional upregulation of the ALK 3 receptor 
is correlated with an upregulation of p21 api expression in human MSCs undergoing both in 
vitro and in vivo differentiation. 

In particular, the results described above indicate that an undifferentiated human MSC 
population is unresponsive to exogenous BMP factors due to the feet that undifferentiated 
human MSCs do not express functional type I and type II BMP receptors. However, ectopic 
expression of the ALK 3 receptor, thus mimicking transcriptional ALK 3 upregulation, in 
conjunction with ectopic expression of a type II BMP receptor stimulates p21 api transcription. 
It appears that the p21 apl Cdk inhibitor is a central target of the diverse set of inducers of 
cellular differentiation. It is possible that the p21 CIP1 promoter contains multiple cis acting 
elements that are responsive to a variety of differentiation signals. 

The transient transfection studies indicate that the ALK 3 receptor in conjunction with a 
type II BMP receptor is capable of transducing an intracellular signal to induce the 
differentiation of human MSCs. Thus, it appears that the requisite molecular machinery for 
BMP receptor signaling exists in an undifferentiated human MSC population. When taken 
together, these results strongly suggest that osteogenic differentiation of human MSCs, both in 
vitro and in ww, is controlled in part by particular BMPs. 

This demonstration that co-expression of a type I and type II BMP receptor in an 
undifferentiated human MSC stimulates p21 CIP1 transcription also provides an assay to 
investigate the effects of various BMPs on human MSC differentiation. The assay can be used 
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to identify particular BMP ligands which signal human MSC differentiation. In addition, the 
assay can be used to investigate the intracellular signaling events that are induced by either 
ectopic BMP receptor expression or the addition of BMP to responsive mesenchymal stem cell 
populations. In this regard, it will be interesting to perform both a mutation and deletion 
analysis of the human p21 cn>1 promoter to define sequences required for both the dexamethasone 
and the ALK 3 induced increase in pll™* 1 expression. Both dexamethasone and die BMP 
receptor may induce in vitro osteogenic differentiation through direct upregulation of a 
transcription factor which induces p21 QP1 expression in human MSCs. Alternatively, 
dexamethasone may act through direct upregulation of the ALK 3 receptor and a type II BMP 
receptor which would, in turn, induce p21 api expression in human MSCs. The transcriptional 
upregulation of these receptors would enable the cell to respond to endogenous BMP ligands in 
the culture media, include p21 api transcription and subsequent osteogenesis. 

Furthermore, die described assay has utility as a high throughput screen to identify 
agents that would induce the undifferentiated MSCs to express BMP receptors. Once BMP 
receptors are expressed, the evidence presented indicated that the hMSC becomes responsive to 
endogenous BMP ligands in the surrounding environment We have demonstrated that one 
synthetic glucocorticoid, dexamethasone, upregulates ALK 3 expression in human mesenchymal 
stem cells. The identification of additional factors which would upregulate BMP receptors in 
human MSCs would therefore be valuable. 

The results presented indicate that the undifferentiated MSC cell has lower levels of 
P 2lCn>1 protein than a more differentiated mesenchymal derivative. In response to MSC cellular 
differentiation there is an upregulation of p21 aP1 transcription. In addition, we observe that 
there is substantially less p21 cn>1 protein in a human MSC than in a human WI 38 fibroblast In 
this regard, the measurement of p21 api protein and p21 api promoter activity may provide an 
assay to evaluate an undifferentiated MSC population. 
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CLAIMS 

A method for distinguishing undifferentiated human mesenchymal stem cells from 
partially or completely differentiated human mesenchymal cells comprising measuring 
die upregulation of p21 api expression in partially or completely differentiated human 
mesenchymal cells. 

The method of claim 1 wherein die human mesenchymal stem cells are modified with a 
genetic construct comprising the DNA coding region for a detectable marker protein and 
a p21 t3Pl promoter. 

The method of claim 2 wherein the level of marker expression measured is correctable 
top21 CIPt activation. 

The method of claim 1, wherein the level of constitutive p21 api protein expression is 
determined by contacting the cells with labelled anti-p21 apl protein antibody. 

A method for identifying, a mesenchymal stem cell lineage inducer comprising 
contacting an undifferentiated mesenchymal stem cell line with a factor suspected of 
being a mesenchymal stem cell lineage inducer, and measuring the upregulation of 
p21 api expression in human mesenchymal cells, if any. 

The method of claim 5 wherein said factor is a growth factor. 

The method of claim 6 wherein said factor is a bone morphogenic protein. 

A method for determining die ability of mesenchymal progenitor cells to differentiate 
comprising measuring the upregulation of p27 HP1 expression in the mesenchymal cells. 

A method for identifying an agent that induces undifferentiated human mesenchymal 
stem cells to express bone morphogenic protein receptors. 
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